Primers and probes based on the 23S rRNA gene have been utilized to design a range of real-time PCR assays for routine phytoplasma diagnostics. These assays have been authenticated as phytoplasma specific and shown to be at least as sensitive as nested PCR. A universal assay to detect all phytoplasmas has been developed, along with a multiplex assay to discriminate 16SrI group phytoplasmas from members of all of the other 16Sr groups. Assays for the 16SrII, 16SrIV, and 16SrXII groups have also been developed to confirm that the 23S rRNA gene can be used to design group-specific assays.
Phytoplasmas are wall-less bacteria of the class Mollicutes that inhabit plant phloem and insect vectors. They are known to cause disease in hundreds of plant species worldwide and are classified into 16Sr groups and "Candidatus Phytoplasma" species based on their 16S rRNA gene sequences (14, 21) . Since it is not possible to isolate and study phytoplasmas in pure cultures, conventional PCR has become the method of choice for detection and diagnosis. Numerous PCR primer combinations have been devised to amplify the 16S rRNA gene for diagnostics; some of these are universal primers that work on DNA from all phytoplasma phylogenetic groups, while others are group specific (8, 10, 17) . However, diagnostics based on these primers can be problematic, with occasional false positives through amplification of other bacteria that might be present in samples (11) .
Real-time PCR assays have also been developed for both generic and specific phytoplasma detection. In general, the aims have been to produce very specific and sensitive assays for detection of a group-specific nature. For example, TaqMan and SYBR green chemistries have been applied in various diagnostic assays for 16SrX group (1, 3, 18) , 16SrV and -XII group (2, 9, 15) , 16SrI group (16, 20) , and 16SrVI group (5) phytoplasmas. However, several of these specific assays crossreact with phytoplasmas from other groups (5, 16) . The most successful attempt to develop a fully universal assay has been a TaqMan assay that was demonstrated to amplify all 16Sr groups except 16SrIV, -XIII, and -XIV, which were not tested (4) .
Development of new universal and multiplex real-time PCR assays. The primers and probes used for most phytoplasma real-time PCR assays have been based on 16S rRNA gene sequences, although some attempts have been made to design them based on the tuf (20) , nitroreductase (9) , and secY (15) genes. Generally these assays have also employed the use of separate assays, such as the cytochrome c oxidase (COX) assay, as endogenous controls to detect plant or insect DNA, due to the high likelihood of PCR inhibitors in DNA extracts (2, 3, 4, 5, 15, 16) . In previous work, we cloned and sequenced the first 500 bp of the 23S rRNA genes from a diverse range of phytoplasmas and showed that there is significant sequence variation between isolates (13). Real-time PCR primers and probes were therefore designed using these partial 23S rRNA gene sequences. The alignment used was described by Hodgetts et al. (13) , with the addition of other publicly available phytoplasma sequences and sequences from a range of other bacteria (see Fig. S1 in the supplemental material for details). Primer express V2 (ABI) was used to design primers, along with a manual assessment of the proposed primers' binding action across all of the phytoplasma 16Sr groups. The primer and probe sequences and reporter/quencher dyes are listed in Table 1 , and each of the assays' primer/probe combinations and their specificities are indicated in Table 2 . All primers were synthesized by Eurofins MWG (Ebersberg, Germany) and probes by Applied Biosystems (California).
Real-time PCR was carried out with an ABI Prism 9700HT instrument, and data were analyzed with sequence detection system V or a Stratagene Mx3005P instrument in 96-well plates. In all cases, 1 l of DNA extract (concentration as extracted at 0.5 to 1.0 mg ml Ϫ1 ) was used in 24 l of master mix, and all samples were tested in duplicate. Negative controls containing nuclease-free water in the place of DNA were included in all runs. Real-time PCR was carried out using Taq-Man core reagents (Applied Biosystems) consisting of 1ϫ buffer A (50 mM KCl, 10 mM Tris-HCl, pH 8.3, carboxy-Xrhodamine passive reference dye), 5.5 mM MgCl 2 , 0.2 mM each deoxynucleoside triphosphate, and 0.625 U AmpliTaq Gold. All primers were used at a final concentration of 300 nM and all probes at a final concentration of 100 nM. Universal cycling conditions were 2 min at 50°C and 10 min at 95°C, followed by 40 cycles each consisting of 15 s at 95°C and 1 min at 60°C. Results were analyzed in terms of the average cycle threshold (C T ) values (cycle that produces a positive PCR signal as determined by the algorithm built into the software). In order to check the reproducibility and repeatability of the assays, the assays were performed in two laboratories (CSL, York, United Kingdom, and the University of Nottingham) with instruments from two different manufacturers (ABI and Stratagene, respectively). The COX assay (22) , which amplifies from host plant DNA, was used on all samples to confirm the lack of PCR inhibitors.
Both the universal assay and the multiplex assay ( Table 2 ) were evaluated using DNA from more than 29 phytoplasma isolates, representing all of the major 16Sr groups, 16SrI to -XIV, with the exception of 16SrVIII ("Candidatus Phytoplasma luffae"), where DNA was not available. The DNA was predominantly from infected Catharanthus roseus plants but also from napier grass (Pennisetum purpureum), Bermuda grass (Cynodon spp.), and coconut (Cocos nucifera). The phytoplasmas used are listed in Tables 3 and 4 , and their origins and maintenance have been described previously (12, 13) . Total DNA was extracted from small quantities (300 mg) of leaf tissue by use of the cetyl trimethyl ammonium bromide method of Doyle and Doyle (7) , and all DNA extracts used in the quantitative PCR assay development stage were checked for the presence of PCR inhibitors by conventional PCR prior to use in real-time PCR. Where DNA samples exhibited PCR inhibition, they were cleaned up using polyvinylpolypyrrolidone (6) .
All DNAs were successfully amplified by both real-time PCR assays (Table 3) , producing C T values of 32 or less. The differences in the absolute C T values between samples is most likely a reflection of differences in the titers of phytoplasma present in the plants from which the samples were obtained, since the amount of total (plant plus phytoplasma) DNA used for each assay was within the range of 0.5 to 1.0 g. The multiplex assay was also evaluated for its capacity to identify DNA as belonging to either group 16SrI or any other group apart from 16SrI, making use of the fact that the 16SrI probe was labeled with 6-carboxyfluorescein (FAM) fluorescence while the probe for any other group was labeled with VIC (Applied Biosystems) ( Table 3) . Therefore, by using both probes simultaneously and determining which one generated a signal, it was possible to identify whether or not the phytoplasma belonged to group 16SrI, while the presence of no signal with either probe indicated that no phytoplasma was present. The assay was found to be 100% successful at categorizing DNA as either group 16SrI or another group, confirming the specificities of the probes to the respective DNAs (Table 3 ). To determine whether the competition between the two probes in the multiplex assay decreased the sensitivity of detection, the multiplex and universal assays were directly compared, with a range of DNAs tested in parallel. C T values were found to be around 1 to 2 cycles higher in most cases with the multiplex assay than with the universal assay (Table 3) , indicating a slight but insignificant decrease in sensitivity. There were also some instances where the multiplex assay resulted in C T values lower than those with the universal assay, for example, with flavescence dorée FD-C and FD-D, indicating that the multiplex probes bind more efficiently to DNA from these groups.
Development of group-specific assays. To determine whether this region of the 23S rRNA gene (see Fig. S1 in the supplemental material) could be used to generate additional primers and probes that could be used to assign isolates to their respective 16Sr groups in specific assays, a range of primers and/or probes were designed to give specific detection of 16SrII, -IV, and -XII group isolates (Tables 1 and 2 ). The results are shown in Table 4 . Where a specific probe was designed for 16SrII or 16SrXII assays, positive results were generated only from isolates of the desired groups. The 16SrIV coconut lethal yellowing type phytoplasmas have generally been classified as 16SrIV-A from the Americas and the Caribbean, 16SrIV-B from Tanzania, and 16SrIV-C from Nigeria and Ghana. Therefore, a series of specific forward primers were designed to discriminate between the subgroups using a common probe. Some slight cross-amplification of other subgroups occurred, but the C T values for these other groups were much higher (Ͼ36) than those for the specific 16SrIV isolates.
To assess the binding action of each of the individual 16SrIV forward primers, these primers were evaluated separately and combined on a series of DNAs from each geographic location (Table 5 ). Again, the 16SrIV-B and 16SrIV-C forward primers demonstrated some non-subgroup-specific binding. However there was a substantially higher C T value (Ͼ10) when the primer was acting nonspecifically than when it was acting specifically. The 16SrIV-A forward primer bound only to 16SrIV-A DNA. When all of the primers were combined in a single assay, group 16SrIV isolates from a wide geographic area were successfully identified.
It is important to note that, with the exception of the 16SrIV group assay, all of the developed assays utilize a combination of two forward primers, one being sequence specific for groups 16SrI, -XII, and -XIII (AS branch of phytoplasmas [19] ) and the other for the remaining groups (WB branch). Testing revealed that for the most efficient amplification of all groups, the primers should be mixed at equimolar concentrations and not used individually (data not shown).
Evaluating cross-reaction with other bacteria. Burkholderia gladioli was selected to assess the cross-reactivity of the assays, since it showed the highest degree of sequence similarity in the To assess the specificity of the assays against a range of other bacteria typically found on plant material (present as naturally occurring concomitant bacteria or due to growth on plant material between sampling and testing), DNA extractions were performed (7) on 45 samples sent to CSL for routine bacteriological diagnostic testing; these samples represented a range (22) was used to confirm the presence of amplifiable DNA in the extracts. None of these samples gave any identifiable amplification with any of the phytoplasma-specific primers and probes, indicating that no phytoplasmas were present and that the assays did not detect any bacteria likely to be present on these samples (results not shown).
Evaluation of sensitivity.
To assess the sensitivity of the assays, dilution series of two phytoplasma DNA samples from different 16Sr groups (diluted in either water or host plant DNA) were evaluated for both the universal and the multiplex assay and for the group II assay. DNA was quantified using a Nanodrop ND spectrophotometer, and 10-fold dilutions were prepared up to 1/100,000 in sterile distilled water (for isolates RG and FBP) or in healthy plant sap (for isolates RG and FBPSA) and evaluated in duplicate by real-time PCR. As anticipated, each 10-fold decrease in DNA concentration produced a drop of approximately 3 C T , and all dilutions were detected ( Table 6 ). The dilution series in water was also evaluated by conventional PCR, and all dilutions were detected by first-round PCR with primer pair P1 and P7, although the bands were very faint at the lowest dilutions (see Fig. S2 in the supplemental material).
In a further series of experiments to determine whether phytoplasmas could be detected more readily by the real-time PCR assay than by conventional nested PCR, two DNA extracts from plants which were known to have low titers of phytoplasma and which had previously yielded only weak nested-PCR results (see Fig. S3 in the supplemental material) were analyzed by both the universal and the multiplex assay. In the universal assay, the 16SrIII vaccinium witches' broom isolate gave a C T value of 35.5, while in the multiplex assay it gave a C T value of 36.8 with the probe for groups other than group I and was not detectable with the group I probe. Conversely, the 16SrI primula blue isolate gave a C T value of 35.0 with the universal assay and a C T value of 37.5 with the group I multiplex assay and was not detectable with the assay for groups other than group I. These results indicate a sensitivity at least equal to that of nested PCR.
Potential for further development of the assays. In this brief report, we have described a rapid phytoplasma diagnostic test with both a universal assay and a multiplex assay (which determines whether the phytoplasma present is in group 16SrI or in a group other than 16SrI) and have also shown that the same region of the 23S rRNA gene can be used to develop alternative group-specific primers and probes. There were some phytoplasma taxonomic groups and subgroups that were not tested because DNA was not available. However, 23S rRNA gene sequence alignments indicated that the primers and probes would work on isolates from all groups and subgroups for which 23S rRNA sequences are currently available in databases. The relevant forward primer, universal probe, and relevant multiplex probe all showed no nucleotide mismatches. The reverse primer shows a single mismatch (C, not G) 16 nucleotides from the 5Ј end for some isolates, but this same mismatch occurs in some of the 16SrV, -VI, -IX, and -X isolates, which all worked in the multiplex and universal assays, so this does not affect primer binding and it can therefore be assumed that these isolates will amplify successfully.
To date, we have developed group-specific assays for 16SrII, 16SrXII, 16SrIV-A, 16SrIV-B, and 16SrIV-C phytoplasmas as proof of concept, but other group-specific assays could be developed as and when required. Primers and probes for the 16SrII and 16SrXII isolates have shown absolute specificity and do not detect isolates from any taxonomic group other than the one for which they were designed. This contrasts with primers and probes that have previously been designed based on the 16S rRNA gene, where cross-reaction has been shown to occur (5, 16) . Through the development of group-specific assays, we have found that utilizing the universal assay with group-specific probes rather than group-specific primers provides the highest degree of 16Sr group specificity. However, when the sequence dictates that a group-specific primer be utilized rather than a probe, adequate differentiation between groups can be achieved, as shown for the 16SrIV isolates. By designing the amplicon to be approximately 180 bp and the location of the primers in relation to a hypervariable section of sequence, these assays also have the advantage of being suitable for direct sequencing of the quantitative PCR amplification products to allow identification of the 16Sr group of the sample. If sequencing were done with the reverse primer, there would be enough sequence variation to enable group identification of all 16Sr groups after approximately 60 bp (the region that would give poor quality sequence data due to the PCR amplicon not being cloned). This means that the assay can detect phytoplasma DNA and allow full group identification without the need to clone PCR products, making the process much faster and less costly. The desire to have group-specific amplification of a given isolate or 16Sr group of phytoplasmas has clearly been indicated by the number of published diagnostic techniques which have been designed with high specificity as the main objective. With this in mind, the assays that we have developed have the capacity to be tailored in a number of ways to allow the desired outcome to be achieved.
